The textures developed in magnesium, annealed after both hot and cold extrusion under essentially plane strain conditions, have been qualitatively accounted for in terms of the operative deformation modes. It is found that the main features of both textures are explained by the operation of {10i2} and {10i twinning together with basal slip, but there is an important component of the hot extrusion annealing texture not found in the cold extrusions texture which can only be explained by the action of {10i0} or {10il slip.
INTRODUCTION
Metals having the close-packed hexagonal crystal structure are the most prone to exhibit marked anisotropy of physical and mechanical properties. This has been recognised for some time and was well illustrated in the work of Hosford and Backofen '2. Among the hexagonal metals, titanium and zirconium have received the most attention in recent years, the latter in respect of its role in nuclear technology and the former for its promise in chemical engineering and aero-space applications. Perhaps the most under-utilised of the commonly occurring metals is the close-packed hexagonal metal magnesium, this is lighter than all potentially useful engineering metals, with the possible exception of beryllium; it has the ability to submit to forming operations at quite low temperatures, while at room temperature it fails after yield.
One of us a has recently developed a high strength heat-treatable magnesium alloy having a 0.1 proof stress of up to 370 N/mm2, which makes its strength to weight ratio superior to that of the best available aluminium alloy. Preliminary experiments suggest that part of the strengthening is crystallographic in origin since different process routes, namely hot or cold extrusion prior to solution treatment, gave marked differences in the as-solution treated strength level, which persisted after precipitation hardening.
It is obvious that to extract the full potential from such materials the crystallographic contribution to strengthening must be much better understood than at present. There is, however, no systematic work on texture control in magnesium and there is very little work on the relationship between texture and properties in magnesium. The present work attempts to fill this gap in part, by studying the textures developed in hot and cold plane strain extrusions of commercial purity magnesium and by further investigating the yielding behaviour under various stress states of the two materials.
EXPERIMENTAL PROCEDURES
Two billets of commercial purity magnesium, one hot extruded and the other cold extruded, were used in this investigation. The 
RESULTS
The preferred orientations determined frorn the two positions in each of the extrusions showed only minor differences along the length of the extrusions but there were major differences between the hot and cold extrusions. (0002) and (10i0) pole figures are shown in Figure 2 for the cold extrusion and in Figure 3 for the hot extrusion. Both anaterials have substantial components in which the basal poles are tilted approximately 15 away from the through thickness direction towards the extrusion direction but the hot extruded material has, in addition to these, components with the basal poles normal to the extrusion direction and almost parallel to the transverse direction.
The crystal orientation distribution functions shown in Figure 4 , for the cold extruded, and in Figure 5, the distance of the locus from the origin and the strain ratios which give information about the local slope of the yield locus. Plane strain comcompression tests define the level of the largest principal stress corresponding to the points of horizontal and vertical tangency to the yield locus.
A major problem in defining the shape of the yield locus for hexagonal metals is that the strain ratio can vary rapidly with strain, or correspondingly for conditions of imposed constant strain ratio the applied stress may vary with strain. This is demonstrated in Figure 9 for uniaxial tension testing of the cold extruded material parallel to the extrusion direction; the strain ratio is seen to vary over a wide range in a small longitudinal strain increment. For this reason, linked with the absence of a sharp yield point, it is pointless to seek a more accurate means of plotting the yield locus than that used here of selecting a small arbitrary strain increment at which to choose the stress level and the strain ratio.
Two sets of data are recorded in both Figure 7 and Figure 8 ; the open symbols relate to results obtained from samples taken approximately 3 m from the front end of the extrusion and the filled symbols are for samples taken approximately 6 m from the front end. In each case the point is the average from duplicate tests. It is to be expected that the results from the two sections will be at variance in view of the grain size variation along the length of the extrusion shown in Figure 1 . The grain size variation is strongest in the cold extruded material, and as a result the mechanical property variation is also greatest for-this material. ND is the normal to the plane of the extrusion, ED is the extrusion direction.
The range of grain sizes is not large enough to determine the grain size dependence of the yield stress, and it must be remarked that a soft material with a high work hardening rate like magnesium is susceptible to any slight mishandling and is likely to show appreciable scatter in the results, although every care was taken to avoid damaging the samples in preparation. The {10i0) (1.10) and {0il) (1510) slip are reported to occur a in magnesium deformed at elevated temperatures, and this has been proposed as accounting for the ductility transition in magnesium which occurs at about 200C.
In the deformation of polycrystals the maintenance of continuity of material across grain boundaries requires that there are at least five independent deformation modes available to satisfy the five independent components of the strain tensor. In Table II figure (Figure 2 ). As mentioned previously twinning tends to re-orient materia! so that the basal poles lie near the centre of the pole figure but it can be seen that where prism slip is preferred there is less need for twinning to occur than where basal slip is preferred, by virtue of the lower overall level of c-axis strain on the right hand side of the dotted line of Figure  11 . There will still be loss of material from this region as a result of the twinning but when { OiO} slip operates, causing the untwinned volume to rotate so as to align the {0001} poles with the transverse direction, the depletion will be incomplete. Since { Oil } twinning operates only at high stress levels it may not be favoured to contribute when the required c-axis strain is small and positive; if the surrounding material accommodates these grains the spread of basal poles along the equator of the pole figure is thus accounted for.
At low temperature Kelley and Hosford 6 have
shown that the strain components most readily matched by slip on { 10i0} have to be accommodated by combined {10i2} and {10il) twinning, there will in this case be gross reorientation removing the basal poles initially parallel to the transverse direction away from this position.
The differences between the hot and cold extrusion textures are thus explained by the operation of {10i0} slip at the high temperature. It now remains to consider what effects the differences in texture have on the mechanical behaviour.
The principle objective of polycrystalline plasticity theory is to account for the properties of polycrystalline aggregates in terms of the properties of the constituent single crystals. In cubic metals deforming by slip on only one set of crystallographically equivalent systems, it is reasonable for the theory to attempt to relate the properties of the polycrystal to the contributions to deformation of the different slip systems. This approach is not viable for hexagonal metals which deform on twin systems as well as on slip systems; the alternative approach of actually discovering the stress strain behaviour of individual crystals of all orientations and averaging over the range of orientations represented in the polycrystalline material under study is atso u,nreasonable. It is possible to calculate for a given imposed strain the sum of the shears for each of the deformation modes averaged over the crystals represented in the sample under consideration. The stresses associated with the given state of strain can then be calculated if the critical resolved shear stresses for the various deformation modes are known. It is usually necessary to know the critical resolved shear stresses before the relative shear magnitudes can be assigned, however, this problem is circumvented in the case which applies here, where different deformation modes satisfy different components of the strain tensor.
In the present work the yield locus envelope defined by the plane strain tangents has been sought by computing the shear magnitudes, averaged over the crystallite orientation distribution using the data shown in Figures 4 and 5 Figure  12 ; the curves of Figures 7 and 8 are replotted in Figure 12a for comparison with the theoretical yield envelopes of Figure 12b . The theoretical yield envelopes have all been normalised to make the largest stress level unity, so it is the general shape features of Figure 12b which should be compared with 12a. The theoretical assessment accurately reflects the greater tensile yield stress in the extrusion direction than in the transverse direction for the hot extruded, it also shows the converse for the cold extruded. In compression the theoretical envelope shows the transverse strength to be greater than that in the extrusion direction for the hot extruded material but rather smaller differences between the two directions for the cold extruded. All of these are in agreement with the experimental results. The theoretical envelope shows, in addition, the correct general shape; the ratio of lengths measured at 45 to the principal stress axes are in the correct order for the two materials.
The agreement obtained is perhaps better than might be anticipated. It is generally agreed that there is no critical resolved shear stress for twinning s'16 so the approach used here is perhaps the most reasonable in that it avoids explicitly assuming a critical resolved shear stress. However, there is an assumption implicit in the present work which is analogous to the assumption of a critical resolved shear stress. This assumption is that the deformation can be divided into three components, The very rapid change in material condition after yield is illustrated by the results shown in Figure 9 . This shows the change in strain path which occurs for a constant loading path in magnesium (the cold extruded material tensile tested parallel to the 2) The cold extruded texture is accounted for by the operation of { 10i2} and { 10i } twinning together with basal slip; the components of the hot extruded texture which are not present in the cold extruded texture can be explained by the operation of {10i0} or {10il} slip.
3) The yield behaviour of the cold extruded and the hot extruded material has been investigated under tensile, compressive and plane strain deformation conditions with the largest principal stress applied in turn parallel to the extrusion, transverse and normal directions. The initial yield loci were plotted for the two materials and found to be essentially similar in form, but with some differences, attributable to the differences in texture.
4) A theoretical analysis of the anisotropy of yield stress was carried out by summing the strains over all crystal orientations in the sample, using three-dimensional crystallite distribution data and making the assumption that the strain in each crystal can be divided into three independent components" c-axis strain, plane strain perpendicular to the c-axis and shear parallel to the basal plane.
Plane strain yield loci were calculated using the results of Kelley and Hosford 6 for the strength of magnesium crystals under these separate states of strain and the theoretical yield envelopes were compared with the experimental results. The agreement was remarkably good and this may be taken to indicate that an analytical approach to texture control and the use of yield anisotropy of magnesium may be rewarding.
5)
There is no prospect of the plastic stress strain behaviour of magnesium, and other metals which deform by twinning, becoming amenable to analysis.
